We present an efficient structure for the computation of robot dynamics in real time. The fundamental characteristic of this structure is the division of the computation into a high-priority synchronous task and low-priority background tasks, possibly sharing the resources of a conventional computing unit based on commercial microprocessors. The 
riod, the high-priority synchronous task computes the product of the inertial coefficients by the accelerations of the joints and performs the summation of the torques due to the velocities and gravitational forces. Kircanski et al. (1986) have shown that the bandwidth of the variation of joint angles and of their velocities is an order of magnitude less than the variation of the joint accelerations. This result agrees with the experiments that we have carried out using a PUMA 260 robot.
Two main strategies contribute to reduce the computational burden associated with the evaluation of the dynamic equations. The first involves the use of efficient algorithms for the evaluation of the equations. The second is aimed at reducing the number of dynamic parameters by identifying beforehand the linear dependencies among these parameters, as well as carrying out a significance analysis of the parameters' contribution to the final joint torques.
We selected an iterative procedure for the computation of the inertial and gravitational coefficients (Featherstone 1984; Renaud 1985; Izaguirre and Paul 1986) , and a recursive iteration for the computation of the velocity torques (Khalil et al. 1986 ). including Khan and Roth (1971) , Paul (1972) , and Bejcsy (1974 Hollerbach (1980; 1983 (1984) realized that the torques could be expressed as a linear function of these parameters. He also pointed out that many parameters were linearly dependent and that it was necessary to eliminate these dependencies. However, no algorithm was suggested to achieve this. In his experiments, he identified the parameters using the torque measured in the first joint of the robot TH8, using a Kalman filter.
An et al. (1985) identified the parameters of a directdriven arm by using a least-squares method to fit the measured torques along a given trajectory. The joints' position and torque along the trajectory were measured, estimating the velocity and acceleration. However, the problem of the elimination of the linearly dependent parameters was not mentioned, although it may introduce erroneous estimation of the parameters. Nevertheless, the fit seemed good. Khosla and Kanade (1986) presented an algorithm to estimate the linear dependencies in the dynamic model. Olsen and Bekey (1986) Paul 1985, 1986 where 3+ 'fi is the inertia matrix of the &dquo;compound link&dquo; j expressed in the frame j + 1, ~+lZ~ is the constant inertia of the link j in the frame j + 1, 3+' fij j+i is the tensor corresponding to the vector p,-j j, ~~+~D3+1 is the tensor corresponding to the center of the gravity of the &dquo;compound link&dquo; j + I in the frame j + 1, and j+ldj+l is the tensor corresponding to the center of gravity of the link j in the frame j + 1. This leads to the following equation:
where the term j+lpjj+l is a constant if defined in the frame j + 1. These terms can be easily calculated using homogeneous transformation, as explained before for the cases of the inertial and gravitational coefficients.
Calculation of the Velocity Terms
There are two main methods to calculate the velocity terms. The first requires the calculation of the velocity coefficients and Coriolis and centrifugal terms and the multiplication of these coefficients by the velocities of the joint. The Coriolis and centrifugal terms can be efficiently calculated by using the Christoffel symbols over the inertial terms (Renaud 1984 Figures 2 and 3 shows the velocities and accelerations, respectively, estimated using central differences of positions and velocities, respectively. Figure 4 shows, for the same trajectory, the measured and the estimated torque obtained by the model using 52 linearly independent parameters. The fit is very accurate for all joints. Figure 5 shows, for the same trajectory, the measured and the estimated torque obtained by the model using only 23 most significant parameters. The fit is still very accurate for the first three joints, showing small differences for the last three ones. Figure 6 shows the trajectories for individual joint motions of the first three joints. Figure 7 shows the trajectories for the motion of all three joints moving together. Figures 8 and 9 are similar to Figures 6 and 7 after on-line gravitational compensation.
